Responses of the premixed methane/air mixture flames under equivalence ratio oscillations were numerically investigated assuming axi-symmetric stagnation flow fields. The flame motion was numerically investigated at three different oscillation frequencies (10, 20 and 50 Hz) and with three oscillation cases namely: lean case, rich case and lean rich crossover case. Methane/air mixture with equivalence ratio oscillation was issued from the burner exit with 1.0 m/s uniform velocity profile. The effects of frequency and amplitude of the equivalence ratio oscillation were discussed. The amplitude of the equivalence ratio oscillation is attenuated between the burner exit and the upstream edge of the preheat zone. The attenuation is much significant for higher frequency. The amplitude of the flame temperature oscillation attenuates following the attenuation of the equivalence ratio oscillation. The flame location makes the closed cycle around the flame location of correspond equivalence ratio in the steady state condition. The formation of the cycle can be explained by the back support effect. It was further demonstrated that, the back support effect influences the dynamic response of the flame location, in that, the direction of the cycles of the dynamic response in the lean case and the rich case are different. Furthermore, the time variation of the flame location plays a significant effect to the flame displacement speed.
Introduction
Since the industrial revolution, we have used combustion technology to obtain power and heat, while it induces some environmental issues, such as NOx formation, increases in CO 2 , etc. Although new technologies, such as photovoltaic, wind, hydro, geothermal, etc have been developed to supply energy, it may be difficult to supply enough energy for the worldwide demand. Thus, the energy saving and low emission combustion technology has to be developed. Recently, the lean premixed combustion is used in power plants and factories to reduce the NOx emission. The lean condition sometimes induces the instability. Several researchers have conducted studies on this field and have concluded that this instability is mainly due to the velocity and fuel concentration perturbations driven by the thermal acoustic fluctuation in the combustor. Although, the flame response to the velocity perturbations has been well investigated, the effect of equivalence ratio perturbation has been less well investigated (1) . The flame propagation in a spatial perturbation of fuel concentration such as the compositionally stratified flow has been investigated (2) - (6) and research on both spatial and/or temporal perturbation of fuel concentration (7) - (13) has been done as well.
Characteristics of the flame response including laminar flame speed, temperature and heat of reaction have been discussed by Pires et al (2) . It has been found that laminar flame speed at different stratification mixtures may either increase or decrease compared with a steady state mixture, with increasing the flame resistance to extinction. Moreover, an analysis was performed by Marzouk et al. (3) using step function perturbation to investigate the response of flames to equivalence ratio perturbation. They modeled the problems in an axi-symmetric stagnation point flame configuration and found that the equivalence ratio perturbation with timescale lower than 10 ms had significant effects on the burning process, including reaction zone broadening, burning rate enhancement and extension of the flammability limit towards leaner mixtures. The spatial and temporal perturbation of fuel concentration for laminar strained flames produced by counterflow configuration was simulated by Lauvergne and Egolfopoulos (7) .
The results showed that the flame response was due to the time required for a perturbation to propagate through a flame layer and was predictable from the history of the incoming flow. This perturbation also extended the extinction limits as a result of the amplitude attenuation caused by the diffusion (7) . The concept of the dynamic flammability limit was established by Sankaran and Im (9) , who investigated the strong and weak strain rate and observed that the dynamic flammability limit was dependent upon the mean equivalence ratio and frequency of the fluctuation. Moreover, the flammability limit is further extended to a leaner condition with increasing frequency or mean equivalence ratio fluctuation (9) . The response of inverted "V" flames to the equivalence ratio perturbation was conducted by Birbaud et al (1) . They found that a high level modulation induces axial velocity perturbations, which in turn, interacts with the flame and modifies its responses. Analysis performed by Cho and Lieuwen (10) and Santosh (14) also provides valuable information regarding equivalence ratio perturbation. They found that disturbance in reaction heat and flame speed was directly generated by equivalence ratio perturbations and indirectly caused the flame pattern to vary. Experimental work has also been conducted by other researchers. In 2009 (12) an experiment was conducted under a low pressure environment to investigate the premixed methane/air flames with forced periodic mixture fraction oscillation. Unfortunately, this paper did not discuss the flames response in details, while it focuses the experimental realization of flame response and the measurement techniques. The latest paper regarding the equivalence ratio modulation was written by Schwarz et al (13) . They showed that the flame shape was mainly determined by the velocity perturbations imparted to the main stream induced by the modulation. A comprehensive experiment was performed by Takahashi et al. (15) , who found that the burning velocity, the burnt gas temperature and the flame luminosity with the fuel concentration oscillation exceeded those of the steady state case. All research to date has represented the flame speed based on the consumption speed and few have discussed the flame displacement speed. Unfortunately the consumption speed Jacque lamina which pertur al. (17) p freque It equiva diffusi respon flame.
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The energy and species conservation equations are,
with the Fick's law for molecular diffusion,
where, τ is the stress tensor, k the thermal conductivity, S h the heat formation of chemical reaction, h the specific enthalpy, the diffusion flux of the species i, T the temperature, R i the net rate of production of species i by chemical reaction, S i the source term, Y i the mass fraction of species i, , the mass diffusivity for the species i in the mixture, and , the thermal diffusion coefficient (18) .
An ideal gas assumption was used and transport properties such as the viscosity and heat conductivity of the individual species were estimated based on the kinetic theory. The specific heat was calculated using piece-wise-polynomial approximation (18) , while the value of the transport properties of the mixture was calculated by the ideal gas mixing law. The thermal diffusivity and mass diffusivity of the mixture were estimated based on the kinetic theory.
Chemical reaction model
The methane/air combustion mechanism is very complex, consisting of hundreds of elementary reactions between dozens of intermediate gas species (19) . Since the objective of this work is to examine the response of the flame on the fuel concentration oscillation, no detailed kinetic scheme was needed and an overall single-step reaction model was used as mention in Eq. (8). The Arrhenius type reaction rate model (20) as mentioned in Eq. (9) was used. hence the boundary conditions are 0 and 0.
5) Stagnation surface (Wall):
The stagnation surface was treated as an impermeable wall, i.e.
a no-slip boundary condition was assumed for velocity and 0 was assumed for all
species. An adiabatic condition is assumed. 6) Outlet boundary (Outflow): The boundary from where the fluid flows out is assumed to be 0.
Computational method
Ansys FLUENT 12.0 was employed to solve a set of conservation equations numerically. All conservation equations were solved using a segregated solver with an under relaxation method. Variable size grid with a minimum grid size of 1×10 -5 m × 1×10 -5 m was used. The fine grid is set in the region where the flame moves to deal with higher temperature and concentration gradients around the flame zone. The isothermal flow field was first calculated. The mixture was then artificially ignited by setting the temperature at the ignition zone shown in Fig. 1 at 2500 K. When the reaction started and the flame was formed, the artificial ignition temperature was off and the flame was freely moved to a stable position at which the incoming unburned velocity to the flame was equal to the laminar burning velocity. Subsequently, the equivalence ratio at the inlet (1) 
Figure 2 shows streamlines and reaction rate contours in the lean and rich sides for the lean rich crossover case of the equivalence ratio oscillations at 10 Hz. The difference of the streamline pattern and reaction region shape is predicted as a function of equivalence ratio (Ø), indicating that the flow field and the flame vary with time. It can also be seen that the flame location moves, because the flame freely adjusts its position in response to the equivalence ratio variation in order to balance the laminar burning velocity of each equivalence ratio with the approaching unburned mixture velocity. Figure 3 plots the attenuation of the equivalence ratio oscillation amplitude along the centerline from the inlet nozzle to the flame front. It is noticeable that the fuel concentration oscillation amplitude imposed at the nozzle inlet is not the actual amplitude that affect the flame, which corresponds to results of Egolfopoulos and Campbell (7) and Lauvergne and Egolfopoulos (8) . Figure 3 also shows that the amplitude attenuation is much significant for higher frequency of equivalence ratio oscillation.
Attenuation of the equivalence ratio oscillation
Flame response
In order to discuss the flame response by using numerical result, we defined variables which represent the flame characteristics as shown in Fig. 4 . Figure 4 shows location of the variables in the present study. The flame location (y f ) is defined as the location where the heat release rate reaches maximum. The flame temperature (T f ) is measured at the location where the velocity profile becomes maximums. The unburned flow conditions, that is the unburned gas velocity (u f ) and the equivalence ratio (Ø f ) of the unburned mixture, are estimated at the location where the approaching flow velocity becomes minimum, where correspond to the upstream edge of the preheat zone. The flame response for oscillation frequency of 10, 20 and 50 Hz in cases of lean, rich and lean rich crossover cases was calculated. Figures 5-7 , show the periodical variations of the equivalence ratio in upstream edge of the preheat zone (Ø f ) and the response of the flame temperature (T f ) in one period. In these figures, the simulation time was normalized with a period of each oscillation frequency (T). Figure 5 shows the results of the lean case with Ø m =0.75 and Ø A =0.1. It can be seen that the amplitude of the equivalence ratio oscillation decreases with increasing frequency as mentioned in Sec. 3.2, which corresponds to the results of previous studies (8, 9) . In the lean case, the temperature varies followed by the variation of the equivalence ratio when the equivalence ratio is increased it approaches to the stoichiometric condition. As a result, the flame temperature (T f ) increases. On the other hand, an inverse Vol. 7, No. 1, 2012 relationship is observed between the flame temperature and the equivalence ratio as shown in Fig. 6 for the rich case (Ø m =1.15 and Ø A =0.15). In the rich case, when the equivalence ratio is increased, it departs from the stoichiometric condition. As a result, the flame temperature decreases. For the lean rich crossover case (Ø m =1.0 and Ø A =0. 3) , it is interesting to note that the double cycles of the flame temperature variation is observed for one period of the equivalence ratio variation as shown in Fig. 7 . This double cycle is due to the reactant Vol. 7, No. 1, 2012 variation from lean to rich and vice versa. These double cycles were observed in the experiment by Suenaga et al. (17) , although the single cycle is seen instead of the double cycles even in the case of the lean rich crossover case in analysis done by Lauvergne and Egolfopoulos (8) at higher oscillation frequency.
Marzouk et al. (3) , mentioned that the flame response is controlled by the time gradient of the equivalence ratio at low oscillation frequency (3) while Lauvergne and Egolfopoulos (8) mentioned that at high oscillation frequency, the flame response is due to the time required for a perturbation to propagate through the flame layer. They have introduced a cutoff frequency mentioned in Eq. (10), above which the flame response is unresponsive.
where, U is the laminar burning velocity and D the average mass diffusivity of fuel within the diffusion zone. Despite the frequency limit beyond which the flame no longer responds to the perturbation by Eq. (10), it is also interesting to examine the frequency at which the flame response mechanism change from the time gradient of the equivalence ratio (3) to the time required for the perturbation to propagate through the flame layer. With reference to the cutoff frequency, it is noted that if no attenuation occurs in the diffusion zone, the term ln 0.1 1. If the term is unity, the frequency will be similar to Egolfopoulos (21) . He found that is a starting frequency at which substantial amplitude attenuation that is the attenuation of the time gradient commences. Therefore, it is found that the mechanism controlling the flame response changes at the characteristic oscillation frequency , where the amplitude attenuation in the flame diffusion zone commences. In the present study, the oscillation frequency is below the characteristic oscillation frequency , and then the flame response is expected. As mentioned above, the analysis done by Lauvergne and Egolfopoulos (8) could not show the double cycles. This is supposed to the frequency was between the f * and the f cutoff , in that the flame response attenuated but did not disappear. The variation in the flame location in response to the equivalence ratio oscillation is discussed for three cases namely: (1) the effect of the amplitude of the equivalence ratio , on the flame location for lean rich crossover cases at 10 Hz oscillation frequency is discussed.
The flame displacement speed was estimated because, it is not attributable to any chemical mechanism but due to the diffusive and hydrodynamic effects mentioned by Hirasawa et al (22) . Moreover, the flame displacement speed can be estimated in experiments which enable the direct comparison between numerical results and experimental results. The flame displacement speed is defined as the normal flame front velocity with respect to unburned gas (22) . In the present study, the flame displacement speed is calculated by an unburned gas velocity at the upstream edge of the flame preheat zone and the time variation of the flame location as mentioned in Eq. (11) . This definition is the same as used in experimental studied (22) .
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where u f is the unburned gas velocity at the upstream edge of the preheat zone, and y f is the location of the flame. displacement speed as for three cases that are lean, rich and lean rich crossover cases.
Lean case
(a) (b) Fig. 8 Dynamic response in the lean case at various oscillation frequencies compared with the steady state equivalence ratio along the central axis (r=0) (a) the flame location (b) the flame displacement speed.
The dynamic response of the flame location in the lean case at various oscillation frequencies is shown in Fig. 8(a) . The flame location moves making a closed cycle around flame location of the steady state case. It is seen the flame location profile is tilted from the steady state case profile and becomes almost flat at f=50 Hz. This is because an attenuation of the amplitude of the equivalence ratio occurs at high oscillation frequency at the upstream edge flame preheat zone as shown in Fig. 3 . In other words, the flame location response becomes weak with increasing frequency. This result corresponds to the experimental result done by Suenaga et al (23) . Moreover, the overall results, namely the attenuation and phase delay response evolved with increasing oscillation frequency, as shown by the tilted dynamical response of the flame location from the steady state case is agreed with those of previous research (9) . In Fig. 8(a) , the dynamic response is turning in clockwise direction shown by two arrows for all oscillation frequencies. This behavior can be explained by the back support temperature phenomenon as discussed by Marzouk et al (3) .
In previous chapter, we have discussed the variation of the flame temperature in the lean case and found that the flame temperature increases when the equivalence ratio is increased. Therefore, the flame was intensified (weakened) in the lean case compared to the steady state case when the equivalence ratio decreases (increases) because the back support temperature is higher (lower). Dynamic response of the flame displacement speed is shown in Fig. 8(b) . In Fig. 8(b) , the flame displacement speed varies around the steady state case. It is seen the flame moves upstream side compared to steady state location when the equivalence ratio moves to leaner where the unburned gas velocity u f , is higher compared to the steady state case. Here, dy f /dt is positive. As a result, S d becomes lower than u f , which closer to the steady state case. Figure 9(a) shows the dynamic responses of the flame location in the rich case. The flame location movement is different from the lean case by making a closed cycle offset from the steady state case. Moreover, it is seen the dynamic response of the flame location almost flat for all oscillation frequency. Furthermore, in Fig. 9(a) , the dynamic response is turning anti-clockwise showed by two arrows for all oscillation frequencies. This behavior as well as the lean case is explained by the back support temperature phenomenon as discussed by Marzouk et al (3) . The variations of the flame temperature in the rich case have been discussed and found that the flame temperature increases when the equivalence ratio is decreased. Therefore, the flame was intensified (weaken) in the rich case when the equivalence ratio increases (decreases) because of the back support temperature is higher (lower). Fig. 9(b) shows the flame displacement speed for the rich case. It is clearly seen the dynamic response of the flame displacement speed for the 50 Hz oscillation frequency showed significant variations. In discussing the lean case, we found that the derivative term of the flame location (dy f /dt) contributes a major effect to the flame displacement speed in oscillation case compared to steady state case. These behaviors are similar to the rich case. Whereby, the flame location is failed to move significantly but the derivative of the flame location change significantly. As a result, the flame displacement speed in the rich case for 50 Hz oscillation frequency varies significantly. The lean rich crossover case of the equivalence ratio oscillation is shown in Fig. 10 . The dynamic response of the flame location and the flame displacement speed differ from the monotonic equivalence ratio oscillation in lean and the rich cases respectively. Overall, this was expected due to the non-monotonic equivalence ratio variation when the equivalence ratio crosses the stoichiometric value. As shown in Fig. 10(a) , the flame location moves to makes two closed cycles and intersect near stoichiometric equivalence ratio. These two closed cycles are turning in different direction. At the equivalence ratio less than stoichiometric, the closed cycle is turning in the clockwise. On the other hand, the closed cycle in the equivalence ratio greater than stoichiometric ratio is turning anti-clockwise. These behaviors are similar to the lean and rich cases which are mainly due to the back support temperature. Figure 10 (b) shows the flame displacement speed for the lean rich crossover case. It is clearly seen that the dynamic response of the flame displacement speed for the 10, 20 and 50 Hz oscillation frequencies showed significant variations at off and near stoichiometric ratio. Once again, the derivative term of the flame location (dy f /dt) was found to contribute a major effect to the significant variations in the flame displacement speed in lean rich crossover case. This finding reflects to the dynamic response of the flame location in Fig.  10(a) . The derivative term of the flame location in the flame displacement speed equation is represented by the gradient of the closed cycles. As a result, the larger gradients of the closed cycles, the greater variations of the flame displacement speed.
Moreover, the flame displacement speed is relatively lower than the steady state case around Ø~1. The flame location around Ø~1 is closer to the stagnation wall compared to the steady state case. It means u f , of oscillation case is lower than that of steady case. As a result, S d becomes slightly lower than that of the steady state case eventhough the term dy f /dt exist. Fig. 11 Dynamic response of the flame location in the lean rich crossover case at various oscillation amplitudes and f=10 Hz compared with the steady state equivalence ratio along the central axis (r=0) . Fig. 12 Dynamic response of the flame location in the lean rich crossover case at various oscillation frequencies compared with the steady state equivalence ratio along the central axis (r=0). Figure 11 shows the dynamic response of the flame location for various oscillation amplitudes in the crossover lean rich case at an oscillation frequency of 10 Hz. The shape of the flame location variation is similar, regardless of oscillation amplitude. It is also interesting to observe that the shape of the flame location variation almost the same when the oscillation amplitude of the equivalence ratio is the same regardless of the oscillation frequency as shown in Fig. 12 . These results indicate that the oscillating flame location is determined by the flame location profile in the steady state condition and the equivalence ratio oscillation amplitude in upstream edge of the preheat zone.
Various oscillation amplitudes
Conclusion
The effect of the equivalence ratio oscillation on a premixed methane/air flame motion is studied computationally using an axi-symmetric stagnation flow field. The flame response to the oscillation frequencies of the equivalence ratio of 10, 20 and 50 Hz at three different oscillation cases (lean, rich and lean rich crossover cases) was investigated. The oscillation conditions are set at the exit of the burner.
The equivalence ratio oscillation amplitude attenuates between the exit of the burner and the upstream edge of the preheat zone. The attenuation is much significant for higher frequency of the oscillation. Following the attenuation of the equivalence ratio oscillation, the flame temperature oscillation is also attenuated.
Dynamic response of the flame location for lean, rich and lean rich crossover cases shows an interesting behavior. The flame location movements create the closed cycle around the flame location of correspond equivalence ratio in the steady state condition. The formation of the cycles can be explained by the back support effect. The flame displacement speed variation is estimated. The results show that the time variation of the flame location plays a significant effect to the flame displacement speed.
The oscillating flame location is determined by the flame location profile in the steady state condition and equivalence ratio oscillation amplitude at the upstream edge of the preheat zone.
